Sinorhizobium fredii strain USDA208 is a nitrogen-fixing bacterium that forms nodules on roots of soybean and other legume plants. We previously found that the Tn5-containing mutant 208T3, which was derived from strain USDA208, is both deficient in production of exopolysaccharides and more competitive than the wild-type strain in competing against other rhizobia for nodulation of soybean. We now demonstrate that the transposon insertion of the mutant lies in a locus that is highly homologous to a portion of the exo region, which functions in exopolysaccharide biosynthesis by Sinorhizobium meliloti. We sequenced 2906 bp surrounding the insertion site and identified three genes: exoA, exoM, and exoO. The transposon lies within exoM, a glucosyl transferase. A cosmid containing exoHKLAMONP of S. meliloti restores exopolysaccharide production by mutant 208T3 to wild-type levels. Although exo mutants of S. meliloti are defective in their abilities to form indeterminate nodules, the capacities of mutant 208T3 and its wild-type parent to form such nodules on five legume species are indistinguishable. Thus the symbiotic function of exopolysaccharide in S. fredii appears to differ fundamentally from that in S. meliloti. z
Introduction
Rhizobia are soilborne bacteria that invade the roots of legume plants and produce nitrogen-¢xing nodules. The resulting symbiosis is of immense signi¢cance for improvement of the nitrogen balance in agricultural ecosystems. As a consequence, seeds of many legume crops are inoculated with elite Rhizobium strains at the time of planting, both to ensure adequate nodulation and to optimize nitrogen ¢xa-tion. The bene¢ts of this practice are constrained by the fact that agricultural soils almost always harbor indigenous rhizobia, which often are highly competitive for nodulation but usually are ine¤cient in nitrogen ¢xation [1] . Introduced strains thus may actually occupy only a small percentage of the nodules on inoculated plants, and levels of nitrogen ¢xation remain suboptimal.
There are a number of possible strategies to ensure that introduced rhizobia ¢nd their way into nodules. High rates of inoculation, for example, can aid in overcoming the high competitiveness of indigenous strains. Other proposed strategies include special inoculum formulations, genetic modi¢cations of both plant host and inoculum strain, and the use of antibiotic-producing inoculants to inhibit indigenous rhizobia in the rhizosphere. Several of these approaches show promise, but the competition problem remains a serious impediment to the enhancement of nitrogen ¢xation by the legume-Rhizobium symbiosis [2] .
Although the basis for high competitiveness of rhizobia is not well understood, there is evidence that the bacterial cell surface plays a role in the process. Nonmotile mutants of Sinorhizobium meliloti and Rhizobium leguminosarum bv. trifolii, for example, are less competitive than the parent strains [3, 4] . Mutants with altered lipopolysaccharides (LPS) and exopolysaccharides (EPS) similarly are compromised in their competitive abilities [5, 6] . Both of these surface polysaccharides also have known roles in infection and nodule development [7] , and so it is not clear if LPS and EPS have direct or indirect e¡ects on the ability of rhizobia to compete with one another for nodulation.
We previously isolated Tn5 mutants of Sinorhizobium fredii USDA208 that are defective in two surface properties: motility and the production of EPS [8] . Reduced motility and elevated levels of EPS did not in£uence the ability of mutants to compete against Bradyrhizobium japonicum USDA123, a highly competitive indigenous strain, for nodulation of Peking soybean. In contrast, mutant 208T3, which produces small dry colonies and elaborates almost no EPS, was signi¢cantly more competitive than the parental strain for nodulation in autoclaved soil. The mutant occupied a signi¢cantly larger percentage of nodules on both primary and secondary roots of Peking soybean, and this came at the expense of sole nodule occupancy by USDA123 [8] .
We now have examined the site of Tn5 insertion in mutant 208T3, in an e¡ort to better understand the nature of its symbiotic defect. We provide evidence that the transposon lies in exoM, a gene involved in EPS biosynthesis, and that a cosmid containing exoM of S. meliloti restores EPS production by mutant 208T3 to wild-type levels. We have compared the organization of the region surrounding exoM in the two Sinorhizobium species and examined the ability of mutant 208T3 to elicit nodules with indeterminate morphology, a process that is particularly dependent upon EPS in S. meliloti [7] .
Materials and methods

Bacterial strains
Strains of Sinorhizobium fredii were from the collection of the United States Department of Agriculture, Beltsville, MD. Broad host range Sinorhizobium sp. NGR234 was from W.J. Broughton, University of Geneva. EPS-de¢cient S. fredii mutant 208T3 [8] and Escherichia coli DH5K, which was used as a plasmid host, have been described. Bacteria were stored in 7.5% glycerol at 370³C. Sinorhizobium spp. and Escherichia coli were cultured in yeast extract-mannitol medium and LB medium, respectively. Antibiotic concentrations (in Wg ml 3I ) were as follows: ampicillin, 50; kanamycin, 100; tetracycline, 10.
Molecular methods
Procedures for isolation, labeling, and manipulation of DNA, for plasmid construction and transfer, and for colony hybridization have been described [9] . Genomic DNA of S. fredii strain USDA208 was subjected to partial digestion with EcoRI and fractionated on a linear, 5^25% sodium chloride gradient prior to library construction. Fragments of 5^20 kb in size were ligated to EcoRI-digested Vgt11 and the ligation mixture packaged into phage heads. Restriction fragments were subcloned into pGEM7ZF(+) (from Promega Biotech) and then sequenced by means of the dideoxy-chain termination method.
Phenotypic analysis of mutants
Cosmid pEX01 was isolated from a DNA library of S. fredii strain USDA257 [9] by colony hybridization as described above. pD56 and pEX154 [10] contain exoHKLAMONP and exoWVUXYFQZB, respectively, from S. meliloti in the broad host range cosmid pLAFR1 [11] . The abilities of these cosmids to complement the EPS defect of mutant 208T3 was examined after triparental transfer [11] . EPS were isolated as acetone precipitates, exactly as described earlier [8] . Quantities are expressed as anthrone equivalents with D-glucose as standard.
Nodulation phenotypes were established in Magenta-type Leonard jars according to protocols that have been detailed elsewhere [12] . Seeds were from the following sources: Amorpha fruticosa L. from the Botanical Garden, Tours, France; Dichrostachys cineraria (L.) W.pA. and Samanea saman (Jacq.) Merr. from the International Center for Tropical Agriculture, Cali, Colombia; Paraserianthes falcataria (L.) Nielsen from Niftal, Paia, HI; Sophora tomentosa L. from Australian Seed Co., Hazelbrook, NSW, Australia. Plants were harvested 3^4 weeks after inoculation and nodulation responses assessed visually.
Results and discussion
The Tn5 insertion in mutant 208T3 lies within exoM
Southern hybridization with a probe internal to Tn5 localized the transposon within a single ca. 11.5-kb EcoRI fragment in pK1, a cosmid that had been isolated previously from a library of genomic DNA from mutant 208T3 [8] . We used this fragment as a hybridization probe in colony screens of a Vgt11 library of DNA from wild-type strain USDA208. DNA was extracted from each of three positively hybridizing clones, and each contained a single strongly hybridizing EcoRI fragment of 5.8 kb. The transposon mapped to a 185 bp SacII/PvuI fragment that lies wholly within the 5.8-kb EcoRI fragment (Fig. 1) .
We sequenced a total of 2906 bp of DNA, which included the 185-bp SacII/PvuI fragment and £ank-ing DNA on both sides. The sequenced region, which contains three long, overlapping open reading frames (ORFs), appears as accession number AFO61246 in the EMBL/GenBank/DDBJ Nucleotide Sequence Data Libraries. All three ORFs are of the same polarity, but the 3P terminal of the third is not completely within the sequenced region (data not shown). These ORFs are predicted to encode proteins of 331, 308, and s 319 amino acids, which correspond to molecular masses of 36.3, 33.5 and s 34.6 kDa. Analysis with the BLAST algorithms con¢rmed that the deduced protein products have very high homology to ExoA, ExoM, and ExoO, respectively. The sequences of these proteins, which are known to function in the biosynthesis of EPS, have been deduced from nucleic acid sequences derived from two strains of S. meliloti [13, 14] . There are no other similarly signi¢cant homologies.
Overall, amino acid sequence identities between the deduced S. fredii proteins and those of S. meliloti strain 2011 (accession number Z22636) are 85% for ExoA, 75% for ExoM, and 81% for the partial ExoO ORF (approximately 34 amino acids are predicted to be missing from the C-terminal of ExoO of strain USDA208). The corresponding values for sequence similarities are 92% for ExoA, 83% for ExoM, and 89% for ExoO. Levels of homology to ExoA, ExoM, and ExoO of another S. meliloti strain, Rm1021 (accession number L20758), are approximately the same. We used the 185-bp SacII/PvuI fragment, which lies entirely within exoM, to search for this gene in other Sinorhizobium strains. A single EcoRI fragment of 5.8 kb was present in nine of 11 tested strains (data not shown). In contrast, strain NGR234 contained a single, slightly larger fragment of 6.9 kb. Strain USDA257 was unique among the S. fredii strains, because it had two hybridizing EcoRI fragments of 7.6 and 0.8 kb. We have examined this strain extensively in our laboratory, and have previously con¢rmed that restriction fragments carrying nodABC and nolC from USDA257 also are novel in comparison to the corresponding fragments from all other tested S. fredii strains [15] .
Complementation analysis and symbiotic phenotypes
The similarities between the sequenced exo regions of S. meliloti and S. fredii prompted us to test the functionality of the S. meliloti genes in USDA208. As expected [8] , inactivation of exoM to create mutant 208T3 caused EPS levels to drop by more than 75% (Table 1 ). Cosmid pEX154 from S. meliloti, which contains exoM, complemented EPS production to wild-type levels, but cosmid pD56, which lacks exoM but contains a group of adjacent exo genes, had no signi¢cant e¡ect on EPS production by the mutant. exoM-homologous cosmid pEXO1 from S. fredii USDA257 also complemented the EPS defect (Table 1) .
ExoA, ExoM, and ExoO are all glucosyl transferases that participate in the polymerization of EPS by S. meliloti [13] , and defects in EPS production by S. fredii strain USDA191 can be complemented by genes from S. meliloti [16] . Although little is known of EPS structure in S. fredii [16, 17] , there is evidence that polysaccharide production by this species is modulated by £avonoid signals from the host [18, 19] and governed by the regulatory gene, nodD2 [20] . These observations are consistent with a role for EPS in nodulation by S. fredii, but EPS-de¢cient mutants of both USDA191 and HH303 retain their abilities to ¢x nitrogen in association with soybean [16, 17] . Moreover, mutant 208T3 is not defective in its ability to nodulate Peking soybean, cowpea, or siratro [8] . Table 2 Symbiotic phenotypes of EPS-de¢cient mutant 208T3 legumes that produce indeterminate nodules Disruption of EPS biosynthesis by S. meliloti has a much di¡erent consequence. Root-hair curling is delayed in alfalfa; the bacteria eventually infect, but they fail to make their way to the interior of the nodule, and thus nitrogen is not ¢xed [21, 22] . Alfalfa produces nodules with persistent meristems, which leads to indeterminate morphology. Nodule morphogenesis in such species di¡ers signi¢cantly from that in soybean, which produces determinate nodules that lack meristems at maturity. Since indeterminate nodule-bearing hosts of S. fredii are available [15] , we examined the abilities of USDA208 and mutant 208T3 to nodulate ¢ve such species. The parental strain formed nodules with each species, but the responses varied from ine¡ective (only white, non¢xing nodules) to e¡ective (only red, ¢xing nodules) to mixtures of both types in the case of Amorpha fruticosa (Table 2) . In all cases, the symbiotic response of mutant 208T3 was indistinguishable from that of the parental strain. Thus, although the competitiveness of mutant 208T3 is elevated, its ability to nodulate both determinate and indeterminate nodule-bearing hosts is not apparently in£uenced by the mutation.
